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Introduction
In the central nervous system, most glutamatergic presynaptic boutons contact postsynaptic sites located on dendritic spines, small protrusions from neuronal dendrites (Nimchinsky et al. 2002; Sala and Segal 2014) . Several morphological categories of protrusions from dendrites have been reported, including filopodia, and thin, stubby, branched and mushroom spines (Harris et al. 1992; Tonnesen et al. 2014 ). This morphology is closely linked to synaptic efficacy and long-term potentiation of synaptic strength. Filopodia -thin protrusions characterized by a length at least twice as long as their width -are generally thought to be more transient, and often represent nascent post-synaptic sites, which may develop into spines (Yoshihara et al. 2009 ). While mushroom spines -consisting of a bulbous spine head contacting a presynaptic bouton and a thin spine neck -are thought to represent mature strong synapses (Nimchinsky et al. 2002; Sala and Segal 2014) .
The unique morphological properties of mushroom spines allow synapse-specific compartmentalization of synaptic calcium responses (Muller and Connor 1991) , biochemical signaling cascades (Svoboda et al. 1996; Lee et al. 2009; Newpher and Ehlers 2009) , and electrical properties (Araya et al. 2006; Harnett et al. 2012 ). This compartmentalization provides an anatomical substrate for memory storage at the single synapse level, whereby individual synapses can be strengthened or weakened by activity during learning (Bliss and Collingridge, 1993) . Indeed, dendritic spines remain dynamic after development and well into adulthood where they undergo morphological changes during synaptic plasticity. Induction of long-term potentiation causes new spines to appear (Engert and Bonhoeffer 1999; Maletic-Savatic et al. 1999 ) and remodel (Bosch et al. 2014) , which recruit AMPA receptors upon adopting a mushroom spine morphology (Matsuzaki et al. 2001; Matsuzaki et al. 2004 ). Induction of long-term depression, on the other hand, results in spine shrinkage, retraction and elimination (Nagerl et al. 2004; Zhou et al. 2004 ). Brain-derived neurotrophic factor (BDNF), a molecule essential for long-term potentiation (Korte et al. 1995) , can promote dendritic spine formation (Ji et al. 2005; Kaneko et al. 2012) , which is closely linked to increases in learning and memory (Xu et al. 2009; Yang et al. 2009 ). Aberrant dendritic spine morphology is also linked to neuropsychiatric disorders (Penzes et al. 2011) , including autism (Tang et al. 2014) and Fragile X syndrome (Comery et al. 1997; Irwin et al. 2000) .
Actin polymerization and depolymerization is important for plasticity-induced changes in dendritic spine morphology. The GTPases RhoA, Rac1, and Cdc42 regulate the actin cytoskeleton via actin-binding proteins to promote spine morphogenesis (Nakayama et al. 2000; Hotulainen and Hoogenraad 2010) . However, the dramatic re-arrangement of dendritic spine membranes during morphological transitions may require additional as yet unknown membrane-targeted proteins. Here we investigated a novel candidate protein that might serve this function called copine-6. Copines are evolutionarily conserved C2-domain-containing proteins that mediate calcium-dependent binding to membrane phospholipids (Creutz et al. 1998; Tomsig et al. 2003 ). Copine-6 was identified in a screen of mRNAs upregulated by kainate injection in the brain, and its mRNA is also upregulated by high frequency stimulation in the hippocampus (Nakayama et al. 1998) . It may therefore sense changes in intracellular calcium concentration during neuronal plasticity. However, the functional role of copine-6 in the brain is not well understood.
Here, we show that copine-6 regulates dendritic spine morphology in hippocampal neurons. Copine-6 protein is upregulated and recruited to dendritic spines by BDNF, and is necessary for both the maintenance of normal spine morphology and for BDNF-induced stabilization of mushroom spines. Post-synaptic knockdown of copine-6 in the Schaffer collateral pathway of the hippocampus decreases LTP and increases LTD in hippocampal slices. Copine-6 promotes the recycling of TrkB receptors to the plasma membrane surface and increases BDNF-TrkB-dependent signaling in hippocampal neurons. We propose that activity-dependent regulation of copine-6 levels may control the elimination or generation of spines during synaptic plasticity via BDNF-TrkB.
Materials and Methods
All research involving animals was approved by and done in accordance with the Institutional Animal Care and Ethics Committees of Goettingen University (T10.31) and with German animal welfare laws, and in accordance with the Animals Scientific Procedures Act of 1986 (UK).
Antibodies, Chemicals and Expression Constructs
Antibodies used were: alpha-tubulin, syp clone 7.2, syb2 clone 69.1, Rab-GDI, PSD95, syt1 clone 41.1, syt1 clone 604.1, GAD65, bassoon, homer, vGAT and vGluT1, HA (Synaptic Systems), LDH (Santa Cruz), copine-6 (Abcam; used for Western blots), MAP-2 (Millipore, Enzo Life Sciences Inc.), Doc2a, PKC gamma (R&D Systems), alpha-tubulin, acetyl-tubulin, phospho-ERK (Cell Signaling Technologies), extracellular GluA1 (Calbiochem), extracellular GluA2 and GluN1 (Millipore). The copine-6 antibody used for immunocyto-and immunohistochemistry was raised against full-length copine-6, absorbed against copine-2, affinity purified with copine-6, and found not to react with copines-1, 2, 3, and 7. Secondary antibodies used were: Alexa Fluor 405, 488, 546, and 647 goat anti-chick, mouse, guinea pig, and rabbit were from Invitrogen/Life Technologies. HRP-conjugated secondary antibodies were from BioRad. BDNF, TrkB-Fc, and control Fc were purchased from R&D Systems. All other chemicals were purchased from Sigma. The copine-6-GFP, and YFPtagged copine-1, 2, 3, and 7 expression constructs were previously described (Perestenko et al. 2010 ). Copine-6 knockdown ShRNA constructs used were from Qiagen (Cpne6 SureSilencing shRNA Plasmid, cat. No. KR48747G, RefSeq Accession No.: NM_001191113), clone ID 5: CCCCTTCATGGAGATCTATAAGA (copine-6 KD1), and clone ID 7: TACATACCTTCCTGGATTATATC (copine-6 KD2), mixed in equal proportions in transfections for knockdown. The copine-6 rescue construct was generated by introducing silent substitutions into the copine-6 KD1 sequence (CCCCTTCATGGAGATCTATAAGA) as follows: CCCGTTTATGG AAATATACAAAA. The KD1 sequence was chosen for rescue experiments because transfection of this construct alone resulted in complete knockdown of copine-6 in validation experiments (Fig. 3A) . Rescue experiments were performed by transfecting equal proportions of the copine-6 KD1 knockdown construct and the copine-6 rescue construct consisting of full-length Myc-tagged copine-6 in the pCMV-Myc vector (Clontech) with the introduced silent mutations. The scrambled shRNA construct sequence used was: GGAATCTCATTCGATGCATAC. LifeAct-RFP was kindly provided by Thomas Dresbach (University of Goettingen Medical School, Goettingen, Germany). HA-TrkB was provided by Yves Barde (via Addgene, plasmid # 39978).
Tissue Preparation
Whole brain, brain regions, and organs were dissected from adult 4-month old mice and homogenized with a glass-Teflon homogenizer in 320 mM sucrose, 4 mM HEPES-KOH, pH 7.4 with 10 strokes at 900 rpm in the presence of protease inhibitors (Roche).
Subcellular Fractionation of Adult Rat Brain
Fractionation was performed as previously described (Huttner et al. 1983) . Brains were homogenized in 320 mM sucrose, 4 mM HEPES-KOH, pH 7.4 in a glass-teflon homogenizer (10 strokes at 900 rpm). The homogenate (H) was centrifuged for 10 min at 1000 × g to remove cell debris and pellet nuclei (P1). Supernatants (S1) were then centrifuged for 15 min at 10 000 × g to obtain the crude synaptosomal fraction (P2), and crude brain cytosol (S2). Synaptosomes were osmotically lysed with 9 vol of ice-cold ddH 2 O containing protease-inhibitors (Roche) and homogenized in a glassteflon homogenizer (3 strokes at 2000 rpm). The homogenate was centrifuged for 20 min at 25 000 × g at 4°C to pellet synaptosomal membranes (LP1). The SV-containing supernatant (LS1) was further centrifuged for 2 h at 200 000 × g to separate synaptic vesicles (LP2) from the synaptic cytosol (LS2).
Synaptosome Trypsin Cleavage Assay
Synaptosomes were prepared and treated with trypsin as described previously (Boyken et al. 2013) . Purified synaptosomes were centrifuged for 3 min at 8700 × g, 4°C. The pellet was resuspended in 320 mM sucrose, 5 mM HEPES, pH 8. For trypsin cleavage, a 0.1 mg/ml trypsin stock solution was added to give a final protein-protease ratio of 100:1. Synaptosomes were incubated for 10, 20, 30, 60, or 90 min at 30°C with gentle agitation. This mixture was then centrifuged for 3 min at 8700 × g, and the resulting pellet resuspended in sucrose buffer containing 400 μM Pefabloc (Roche) to stop trypsin cleavage activity. Samples were then analyzed by SDS-PAGE and immunoblotting.
Ca

2+ -dependent Membrane Binding
Tests of calcium-dependent membrane binding of copine-6 were carried out as described previously (Nakayama et al. 1999) . Briefly, adult 4-month old mouse brains were homogenized with 10 strokes at 900 rpm in a glass-Teflon homogenizer in 20 mM Tris-HCl, pH 7.4, 1 mM PMSF and 10 μg/ml Leupeptin, supplemented with 1 mM CaCl 2 or 1 mM EGTA. The homogenate was incubated for 30 min at 4°C and then centrifuged at 40 000 × g for 30 min at 4°C to resolve membrane and cytosolic fractions, which were subjected to SDS-PAGE followed by immunoblotting as described previously.
Immuno-isolation of Synaptic Vesicles
Mouse monoclonal antibodies directed against syb2 and syt1 were coupled to Protein G magnetic Dynabeads (Invitrogen) in PBS for 2 h at 4°C. Antibody-coated beads were added to whole brain S1 fractions and incubated overnight at 4°C. Magnetic beads were separated from immuno-depleted supernatant and washed 3 times with PBS. Bound vesicles were eluted in sample buffer and analyzed by SDS-PAGE and immunoblotting as previously described (Ahmed et al. 2013 ).
Hippocampal Slice Preparation and Culture
Acute hippocampal slices were prepared as described previously (Ramachandran and Frey 2009 ). Briefly, 8-week old mice were anesthetized with isoflurane and decapitated. The hippocampus was removed and 200 μm thick slices were cut transversely in ice-cold artificial cerebrospinal fluid (ACSF) containing, in mM: 124 NaCl, 4.9 KCl, 1.2 KH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 24.6 NaHCO 3 , and 10 D-glucose (saturated with 95% O 2 and 5% CO 2 , pH 7.4, 305 mOsm), using a tissue chopper (Stoelting). Hippocampal slice cultures were prepared as described previously (Fuller and Dailey 2007) , and were cultured on Millicell inserts (PICMORG50 from Merck Millipore) in filter culture media (FCM) containing 25% Hanks balanced salt solution, 50% MEM, 25% heatinactivated horse serum, 2 mM glutamine, 0.044% NaHCO 3 and 10 U/ml penicillin-streptomycin, in a humidified 5% CO 2 , 37°C incubator. For Western blot analysis of hippocampal slices treated with BDNF, 5 slices were cultured per insert per condition.
Following treatment, slices were floated off inserts in PBS, washed briefly in PBS, and homogenized in 320 mM sucrose, 4 mM HEPES-KOH, at pH 7.4. Protein concentration was determined by BCA assay (Calbiochem) and 15 µg of protein was loaded and analyzed by SDS-PAGE and immunoblotting.
Hippocampal Neuron and HEK Cell Culture and Transfection
Primary dissociated hippocampal neurons were prepared as previously described (Banker and Goslin 1988) with minor modifications. Hippocampi were dissected from E18-E19 rat pups. Cells were mechanically dissociated by trypsinization and trituration. For imaging experiments, neurons were plated on 12 mm glass coverslips coated with 0.04% polyethyleneimine (PEI, Sigma) or 0.5 mg/ml poly-D-lysine (PDL, Sigma) at a density of 50 000-80 000 cells/well. Neurons were cultured in Neurobasal medium supplemented with GlutaMAX, B27, and 100 U/ml penicillin/streptomycin (all from Invitrogen) at 37°C in 5% CO 2 . For electrophysiology experiments, hippocampal neurons were plated at a density of 40 000 cells per 12 mm coverslip (at a lower density than for imaging experiments, so that individual miniature excitatory post-synaptic currents (mEPSCs) could be resolved) in DMEM supplemented with 10% fetal bovine serum, glutamax, and pen/ strep. After 1-2 days, media was exchanged for Neurobasal medium supplemented with B27, glutamax, and pen/strep. AraC of 5 µM was added at DIV 7-8. Neurons were transfected at DIV7 or DIV10 with Lipofectamine 2000 according to the manufacturer's instructions. For each well of a 24-well plate, 0.75-1 µg DNA/50 µl Neurobasal and 1 µl LF2000/50 µl Neurobasal were incubated separately for 5 min, then mixed together and incubated for an additional 20 min. Media was removed from wells, saved and replaced with 400 µl Neurobasal. The DNA/LF2000 mix was added and cells were put back in the incubator for 2 h. Cells were then washed once with Neurobasal, and conditioned media replaced. For cotransfection of copine constructs with LifeAct-RFP, 0.75 µg DNA total in a ratio of 1:3 of LifeAct-RFP:EGFP, copine-6-GFP, or copine-6 knockdown was added per well. For membrane translocation experiments, HEK293T cells growing on 12 mm coverslips were transfected at approximately 40% confluency: Cells were washed once with PBS and fresh DMEM containing 10% FBS was added. 1.87 µl of 2 M CaCl 2 , 15 µl transfection buffer (274 mM NaCl, 10 mM KCl, 1.4 mM Na 2 HPO 4 , 15 mM Glucose, 42 mM HEPES, pH 7.06) and 1 µg Copine-GFP per well were then added and transfected cells were imaged 24-48 h later.
Co-immunoprecipitation
For co-immunoprecipitation of HA-TrkB and copine-6-GFP, cotransfected confluent HEK293 cells growing in 10 cm dishes were harvested in 1 ml IP-Lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5% NP40, Complete protease inhibitor (Roche)). Cell lysates were then incubated with 30 μl of HA-antibody coupled Protein A/G Dynabeads (Invitrogen) for 2 h at 4°C on a rotator. Uncoupled beads were used for binding controls. Supernatant was saved as the unbound fraction and bound proteins from beads were eluted by incubating beads for 10 min at 95°C in 4X SDS sample buffer. Samples were then analyzed by SDS-PAGE and Western blotting.
Immunocytochemistry and Quantitation
Hippocampal cultures at DIV12-14 were fixed in 4% paraformaldehyde for 20 min, washed 3 times with PBS and incubated for 30 min in antibody buffer (2% donkey serum, 0.1% Triton X-100 and 0.05% NaN 3 in 2× PBS). Cells were then incubated with primary antibodies in antibody buffer for 60 min at room temp or overnight at 4°C. Cells were washed 3 times for 10 min each with PBS, then incubated with fluorescently-tagged secondary antibodies in blocking buffer for 2 h at room temp in the dark. After three 10 min washes with PBS, cells were mounted in Fluoromount-G (Sigma) and sealed with nail polish. Images were acquired on an A1 confocal microscope with Zen software (Carl Zeiss) and a 20× air or 60× oil immersion objective, or a Zeiss Axiovert epifluorescence microscope with a 40× oil immersion objective. All acquisition settings were kept constant between samples in each experiment for quantitation of copine-6 expression in BDNF treated samples, and of syt1 uptake and synaptophysin signal on EGFP, copine-6-GFP and copine-6 knockdown expressing neurons. Images were analyzed using MetaMorph (Molecular Devices, Inc.), Openview (kindly provided by Noam Ziv, Technion, Haifa, Israel), or Image J software. For quantitation of copine-6 in BDNF-treated hippocampal neurons, somas of copine-6-expressing neurons were manually selected and average intensity measured using Metamorph. For copine-6 at synapses, synaptophysin-positive puncta were selected using Openview software, and average copine-6 fluorescence within these puncta was quantified and plotted as average intensity or frequency distribution. For quantitation of synaptophysin and syt1 antibody uptake intensity on EGFP, copine-6-GFP, or copine-6 knockdown neurons, GFP levels in all conditions were set such that signal in all dendritic processes was saturated. This allowed us to mask the transfected cells, including a region approximately 3 µm wide on either side of processes -encompassing all presynaptic boutons terminating on the transfected cell -which was identical in all conditions. Transfected neurons were masked manually, synaptophysin-positive puncta were selected in Openview and the intensity of synaptophysin and syt1 signal in each puncta quantified. For number of synapses (synaptophysin-positive puncta) or number of active synapses (syt1-positive puncta), 20-30 µm stretches of secondary dendrites were selected by GFP signal, and puncta along these dendrites were identified by Openview and counted. To quantify branching in neurons transfected with shRNA, neurons were immunostained with a GFP antibody (A11122, Invitrogen) and branching forks for well-defined neurons were counted. For quantitation of dendritic spine morphology in EGFP, copine-6-GFP or copine-6 knockdown expressing neurons, 4 regions of 20 µm in length were selected per transfected neuron, and the number of filopodia (protrusions with tip width less than base width), stubby spines (protrusions with constant width from base to tip), and mushroom spines (protrusions with head width greater than neck/base width) were counted using Imaris and ImageJ software. PSD95 signal and intensity within these spines was quantified using Metamorph software. For quantitation of surface receptor levels in copine-6 overexpressing or knockdown neurons compared with EGFP, average fluorescence intensity/area of antibody signal against extracellular epitopes of GluA1, GluA2, and GluN1 in cell bodies and proximal dendrites was determined using ImageJ.
Immunohistochemistry
Hippocampal slices from adult 4-month old mice were prepared as described above, fixed in 4% paraformaldehyde in PBS for 30 min and washed 3 times for 20 min each with PBS. After washing, slices were incubated in antibody buffer (2% donkey serum, 0.1% Triton X-100 and 0.05% NaN 3 in PBS) for 30 min at room temp. Then, slices were incubated with primary antibodies in antibody buffer overnight at 4°C. Following primary antibody incubation, slices were washed with PBS 3 times for 20 min each and incubated with fluorescently-tagged secondary antibodies for 2 h at room temp. Slices were washed 3 times for 20 min each with PBS and mounted onto microscope slides with Fluoromount-G (Sigma) and sealed with nail polish. Images were collected using 10× air and 40× oil immersion objectives on a Zeiss A1 laser scanning confocal microscope with Zen software (Carl Zeiss). Digital images were processed using Adobe Photoshop software.
For whole mount sagittal brain sections (Fig. 1B) , adult SpragueDawley rats were deeply anaesthetized in accordance with the Animals Scientific Procedures Act of 1986 (UK) using isoflurane (4% in O 2 ), euthanized with pentobarbitone (200 mg/kg), and transcardially perfused via the ascending aorta with 100 ml 0.1 M PBS, followed by 300 ml 4% paraformaldehyde/0.05% glutaraldehyde. Brains were immediately removed and postfixed in 4% paraformaldehyde in 0.1 M PB for 24 h before being sectioned into 50 µM slices in the sagittal plane on a Leica VT1000s vibrating microtome. Sections were collected and washed in PBS. The tissue was blocked in PBS + 5% normal donkey serum, before adding copine-6 antiserum at 1:000 for 48 h at 4°C. Sections were then incubated with secondary antibody, swine anti-rabbit-HRP (1:100) in TBS for 24 h at 4°C, and peroxidase enzyme activity was then visualized with DAB and 0.002% H 2 O 2 (in dH 2 O) with an optimized reaction time of 5 min. For hippocampal sections ( Fig. 1F ) and brain sections ( Supplementary Fig. 1B ), 50 µm vibratome sections were made from adult 4-month old mice using a Leica VT-1000 Vibratome.
HA-TrkB Surface Expression and Recycling Assay
Rat hippocampal neurons growing on coverslips were cotransfected at DIV10 with HA-TrkB and EGFP, copine-6-GFP or copine-6 knockdown constructs. On DIV13, neurons were incubated with anti-HA antibody for 15 min, washed twice with prewarmed Neurobasal medium to remove unbound antibody, and then incubated with 100 ng/ml BDNF for 15 min. Neurons were then washed once with prewarmed Neurobasal medium and fixed with 4% PFA. Surface HA-TrkB was labeled with Alexa 647 secondary antibody for 2 h in triton-free antibody buffer. Cells were then permeabilized and internal HA-TrkB labeled with Alexa 546 secondary antibody for 2 h in antibody buffer containing 0.1% Triton X-100. Coverslips were then mounted in Mowiol and images taken using a Zeiss LSM 710 confocal microscope with a 63× objective. The ratio of surface to internal HA-TrkB was determined by calculating the ratio of surface to internal fluorescence in images of transfected cell bodies.
Recycling of internalized HA-TrkB back to the cell surface was assayed as previously described (Choy et al. 2014) . DIV13 neurons were incubated with anti-HA antibody for 15 min, washed twice with prewarmed Neurobasal medium, incubated with 100 ng/ml BDNF for 30 min, washed in 0.04% EDTA in PBS lacking Ca 2+ and Mg 2+ to strip remaining surface HA antibody, allowed to recover for 40 min during which internalized HATrkB recycled back to the cell surface, fixed and immunostained for surface and internal HA-TrkB with Alexa647 and 546 secondary antibodies, respectively. The amount of HA-TrkB recycled back to the surface was quantified by normalizing to surface versus internal HA-TrkB in control conditions in which cells were fixed after 30 min without BDNF or stripping.
Electrophysiology
DIV 13-19 primary hippocampal neuron cultures were continuously perfused with HEPES buffered saline containing, in mM: 142 NaCl, 2.5 KCl, 10 HEPES, 10 D-Glucose, 2 CaCl 2 , 1.3 MgCl 2 (pH 7.4, 295 mOsm). mEPSCs were recorded at a command potential of -60 mV in 1 μM TTX (Tocris Biosciences, cat. no. 1069) and 50 μM picrotoxin (Tocris Biosciences, cat. no. 1128). Patch pipettes (3-5 MΩ) were filled with an internal solution containing, in mM: 130 K-gluconate, 10 NaCl, one EGTA, 0.133 CaCl 2 , 2 MgCl 2 , 10 HEPES, 3.5 Na-ATP, 1 Na-GTP (pH 7.3, 285 mOsm). Whole-cell patch-clamp recordings (with a command potential of -60 mV) were obtained using a HEKA EPC10 USB double patch clamp amplifier coupled to Patchmaster acquisition software (HEKA Electronics Inc.) for 2 cultures and a NPI ELC-03XS amplifier coupled to a custom-written Igor Pro script for data acquisition for 6 cultures. Signals were low-pass filtered with a Bessel filter at 3.3 kHz. Recordings with a series resistance of less than 25 MΩ which did not change by ≥5 MΩ during the course of the recording, were analyzed using Mini Analysis software v6.0.3 (Synaptosoft Inc.) with an amplitude threshold of 3.5× RMS. At least 170 events (usually 300-450) were analyzed for each recording from a single neuron.
AAV Injections
Cpne6 AAV siRNA Pooled virus Serotype 6 (cat. no. iAAV03825706, from Applied Biological Materials) or control EGFP AAV virus, was injected under ketamine (80 mg/kg)/xylazine (10 mg/kg) anesthesia. Mice were fixed in a stereotaxic device (myNeuroLab) and holes drilled bilaterally at the following coordinates from Bregma: AP: −1.75; ML: +/− 1.0. A fine glass capillary filled with viral vector solution was then inserted −1.5 mm into the DV axis and 1 µl injected at a rate of 0.25 µl/min. The capillary was then slowly retracted and the wound sealed with Histoacryl. Mice were allowed to recover on a heat blanket and monitored closely for 1 week after the operation. Recordings were performed at least 2 weeks after injection, when AAV-dependent expression is maximal and reaches a plateau.
Electrophysiological Recordings from Hippocampal Slices
Acute hippocampal slices from virus-injected mice were prepared as previously described (Ramachandran et al. 2015 ) from 8 to 10 week old B6/J mice. Animals were anesthetized with isoflurane and decapitated. The brain was removed from the skull and hippocampus dissected. Transverse 400 µm thick hippocampal slices were made using a tissue chopper (Stoelting). Slices were collected in ice-cold ACSF (124 mM NaCl, 4.9 mM KCl, 1.2 mM KH2PO4, 2.0 mM MgSO 4 , 2.0 mM CaCl 2 , 24.6 mM NaHCO 3 , 10.0 mM D-glucose; saturated with 95% O 2 and 5% CO 2 ; pH 7.4 and 305 mOsm) and incubated in an interface chamber at 32°C with high oxygen tension maintained by bubbling with 95% O 2 and 5% CO 2 (30 l/h) for 3 h before recordings. Monopolar platinum-iridium electrodes (13303, MicroProbes) used for both recording and stimulating were positioned in the CA1 region. The field excitatory postsynaptic potential (fEPSP) slope was recorded with a Model 1700 differential AC amplifier (A-M Systems) and Power 1401 analog-to-digital converter (Cambridge Electronic Design), and monitored on-line with a custom-made software, PWIN (IFN Magdeburg). The test stimulation strength was determined for each input as the current needed to elicit a field EPSP 40% of maximal slope. Baseline recording began at least 3.30 h after slice preparation, using test stimuli consisting of 4 biphasic constant current pulses (0.2 Hz, 0.1 ms/polarity, averaged) per time point, every 2 min for a minimum of 30 min. LTP was induced with a single theta burst stimulation protocol consisting of 10 burst of 4 pulses at 100 Hz with 200 ms intervals). LTD was induced by low frequency stimulation (LFS) consisting of 900 pulses of 1 Hz for 15 min. Test stimuli were delivered 1, 2, 4, 6 and then every 2 min after theta burst or LFS and up to 60 min. The input-output relationship of the fEPSP slope or fiber volley versus stimulus intensity was measured by giving 0, 20, 40, 60, 80, and 100 µA stimulation at 60 s. intervals to evaluate postsynaptic response versus presynaptic response in the same hippocampal slices.
To measure the paired-pulse ratio, paired pulses eliciting 40% of the maximal fEPSP were delivered through a single stimulating electrode at 50 ms inter pulse intervals. The ratio of the maximum negative slope of the second pulse to the maximum negative slope of the first pulse was computed as the paired-pulse ratio.
Statistical Analysis
For pairwise comparisons of values indicated in graphs twotailed Student's t-tests of type two were used, following confirmation of equal variance by an f-test. A Bonferroni correction was applied for multiple comparisons within datasets. For LTP and LTD experiments, a Mann-Whitney U test was performed for statistical comparison. All graphs of quantified data depict average values (mean) and error bars indicate standard error of the mean (s.e.m.).
Results
Copine-6 is Expressed in Dendrites of Hippocampal Pyramidal Neurons
To characterize copine-6 expression, we first examined protein levels in different organs and found copine-6 exclusively in brain, among the tissues tested ( Fig. 1A ; specificity analysis in Supplementary Fig. 1A shows that the copine-6 antibody we generated recognizes overexpressed YFP-tagged copine-6, but not copine-1, 2, 3, or 7). Immunocytochemistry of sagittal rat brain sections revealed widely distributed copine-6 immunoreactivity throughout the brain, with a laminar pattern of expression in the cortex, and high immunoreactivity in the hippocampus, olfactory bulb and striatum, in contrast to the cerebellum (Fig. 1B, Supplementary Fig. 1A) . A developmental time course of copine-6 levels showed that expression in the brain increased postnatally and remained at high levels in adult brain (Fig. 1C) . Because copine-6 mRNA is upregulated in the hippocampus in response to stimulation (Nakayama et al. 1998) , we treated acute hippocampal slices with 90 mM KCl for 30 min to test the activity-dependence of copine-6 protein expression. Copine-6 protein was significantly increased by this stimulation (Fig. 1D ,E, P = 0.001). Acetyl-tubulin, which is also upregulated by neuronal activity, including 90 mM KCl (Pandey and Sharma 2011) served as a positive control, and was significantly increased by KCl treatment (P = 0.010). Immunostains of hippocampal slices revealed copine-6 expression in cell bodies and dendrites of pyramidal neurons in the CA1, CA3, and dentate gyrus (Fig. 1F) , consistent with a previous report (Nakayama et al. 1999) .
To examine the cellular and subcellular localization of copine-6 in more detail we immunostained DIV14 hippocampal neuron cultures. Interestingly, copine-6 was highly expressed at varying levels specifically in excitatory neurons (Fig. 1G) , and was prominent in dendrites (Fig. 1H ). Copine-6 colocalized with vGluT1 at excitatory synapses, and not with vGAT-positive inhibitory synapses, in these cultures (Fig. 1I) . To determine if copine-6 is pre or post-synaptic, we used a trypsin cleavage assay of purified synaptosomes, in which presynaptic proteins are protected from cleavage, while post-synaptic proteins are accessible to trypsin and are cleaved (Boyken et al. 2013) . The majority of copine-6 was cleaved by trypsin (Fig. 1J) , indicating a predominantly post-synaptic location. In comparison, the PKC gamma Quantitation of Western blot levels in control and treated slices (n = 3, statistical significance determined by two-tailed, type two Student's t-test, P ≤ 0.01 = **, P ≤ 0.001 = ***). Acetyl-tubulin (serving as a positive control) and copine-6 levels are significantly increased by stimulation. (F) Immunostain of acute hippocampal slices from 8 week old mice, with copine-6 and MAP2 to mark dendrites. Scale bar = 120 µm. (G) Copine-6 does not colocalize with the inhibitory neuron marker GAD65. presynaptic protein syb2 was fully protected from trypsin cleavage whereas PSD95 was almost entirely cleaved (Fig. 1J) . In subcellular fractionation experiments, copine-6 was enriched in synaptic cytosol (LS2), and present in synaptosomal membrane fractions (LP1) in lower amounts (Fig. 1K) . A small portion was found in crude synaptic vesicle fractions (LP2) as well, but copine-6 was not detected on synaptic vesicles immunoisolated with antibodies against syt1 or syb2 (Fig. 1L) , suggesting that it is likely not associated with synaptic vesicles. Because copine-6 is reported to bind membranes in the presence of calcium (Nakayama et al. 1999; Perestenko et al. 2010) , we separated mouse brain homogenate into cytosol and membrane fractions in the presence of EGTA or calcium to test if copine-6 associates with membranes in a calcium-dependent manner. In the presence of 1 mM EGTA, the majority of copine-6 was detected in the cytosolic fraction. In contrast, in the presence of 1 mM Ca 2+ , copine-6 was mainly present in the membrane fraction (Fig. 1M) . The C2 domains of PKC-gamma and Doc2a, which are known to bind phospholipids in a calcium-dependent manner, were used as positive controls (Fig. 1M) . As a further test we transfected HEK cells with copine-6-GFP. In control conditions, copine-6-GFP was present mainly in the cytosol, whereas treatment with 2 µM ionomycin to increase intracellular calcium caused a translocation of copine-6-GFP to membrane patches (P = 2.6E-7), and the addition of 2 mM EGTA prevented this translocation (Fig. 1N ,O, P = 2.6E-5). Thus, the localization of copine-6-GFP to membranes was calcium-dependent, as previously reported (Perestenko et al. 2010 (Perestenko et al. , 2015 .
BDNF Upregulates Copine-6 and Recruits it to Synapses
BDNF is essential for long-term potentiation of synaptic strength (Korte et al. 1995) , and copine-6 is upregulated by neuronal activity. We therefore tested if BDNF application has any effect on copine-6 expression. Treatment of DIV14 hippocampal slice cultures with 100 ng/ml BDNF for 6 h significantly increased copine-6 expression (P = 0.002), and 48 h treatment increased copine-6 levels further ( Fig. 2A,B , P = 4.1E-4; P = 0.010 for 6 h compared with 48 h BDNF treatment). We then tested if BDNF treatment also alters the subcellular localization of copine-6 in cultured hippocampal neurons. BDNF treatment of DIV14 hippocampal neurons for 48 h recruited copine-6 to synaptic sites marked with synaptophysin ( Fig. 2C-E ; P = 1.2E-3 for control compared with 48 h BDNF treatment; P = 0.043 for 6 h compared with 48 h BDNF treatment), and also increased copine-6 in cell somas ( Fig. 2F ; P = 0.020 for control compared with 48 h BDNF treatment). Copine-6 was also significantly increased at synapses by 21 h treatment with 50 µM forskolin (P = 0.011), which induces "LTP-like" enhancement of synaptic strength (Frey et al. 1993 ), while treatment with 10 µM bicuculline showed a trend toward an increase of copine-6, and 1 µM TTX treatment for 21 h did not change copine-6 levels ( Fig. 2G ; P = 0.031 for comparison between TTX and forskolin treatment).
Copine-6 Alters Dendritic Spine Morphology
Because copine-6 is recruited to dendritic spines by BDNF and LTP-inducing stimuli, we next explored the functional role of copine-6 in relation to spine morphology. Copine-6 was efficiently knocked down by transfection of copine-specific shRNA constructs in hippocampal neurons (Fig. 3A) . Interestingly, dendritic branching was increased in copine-6 knockdown neurons compared with control neurons transfected with a scrambled shRNA construct (Fig. 3B,C) . To examine dendritic spine morphology in more detail, we cotransfected hippocampal neuron cultures with LifeAct-RFP -to visualize the actin cytoskeleton and monitor any changes in spine morphology -and with EGFP, copine-6-GFP, or copine-6-knockdown constructs. Cultures were additionally immunostained with PSD95 to mark synaptic sites (Fig. 3D) . Overexpression of copine-6 increased the number of mushroom spines (P = 4.6E-3) and decreased the number of filopodia (P = 2.0E-4). Conversely, knockdown of copine-6 decreased the number of mushroom spines (P = 5.0E-3) and dramatically increased the number of filopodia ( Fig. 3E ; P = 1.0E-5). Knockdown of copine-6 also reduced the number of stubby spines compared with control (P = 1.3E-5). Virtually all mushroom and stubby spines in all conditions had PSD95, while only approximately 20% of filopodia had detectable PSD95 (Fig. 3E,F ; for PSD95-containing mushroom spines P = 3.5E-3 for EGFP/ cpne6 and 7.5E-3 for EGFP/cpne6 KD; stubby spines P = 4.1E-5 for EGFP/cpne6 KD; filopodia P = 1.3E-3 for EGFP/cpne6 and 1.1E-5 for EGFP/cpne6 KD). Thus, although knockdown of copine-6 increased the total number of dendritic protrusions (P = 2.0E-4, including filopodia, mushroom and stubby spines) by approximately 30%, this resulted in a concomitant decrease in the overall number of PSD95-positive protrusions ( Fig. 3E ; P = 8.0E-4). The average intensity of PSD95 in PSD95-positive filopodia was also less than that in mushroom or stubby spines (in all conditions). Knockdown or overexpression of copine-6 per se did not change PSD95 intensity, except for a small, but significant, reduction in PSD95 in stubby spines in copine-6 knockdown neurons ( Fig. 3G ; P = 0.024). To confirm the specificity of the copine-6 knockdown, we performed rescue experiments with shRNAresistant copine-6. We found that the spine phenotype caused by copine-6 knockdown was indeed rescued by co-expression of shRNA-resistant copine-6 (Fig. 4A,B) ; mushroom spine number was not significantly different between EGFP and copine-6 rescue neurons (P = 0.480), both of which had less mushroom spines than copine-6 overexpressing neurons (P = 8.7E-5 for EGFP/cpne6 and 2.3E-4 for cpne6 rescue/cpne6) and more mushroom spines than copine-6 knockdown neurons (P = 5.7E-3 for EGFP/cpne6 KD and 9.3E-3 for cpne6 rescue/cpne6 KD). In addition, EGFP and copine-6 rescue neurons had similar numbers of filopodia (P = 0.075) and less filopodia than copine-6 knockdown neurons (P = 1.9E-6 for EGFP/cpne6 KD and 4.8E-6 for cpne6 rescue/cpne6 KD). Together these data show that copine-6 regulates dendritic spine morphology and PSD95 distribution in hippocampal neurons. Loss of copine-6 promotes the formation of new filopodia and increases the relative proportion of filopodia at the expense of mushroom and stubby spines.
Copine-6 Changes mEPSC Kinetics, but not Frequency or Amplitude
Spine morphology is highly correlated with plasticity and efficacy of synaptic connections (Engert and Bonhoeffer 1999; MaleticSavatic et al. 1999; Kasai et al. 2003) . To test if copine-6 affects synaptic transmission, we first recorded mEPSCs from hippocampal neurons transfected with copine-6-GFP, copine-6 knockdown, or EGFP constructs (Fig. 5A,B) . Surprisingly, despite a significant reduction in "mature" dendritic spines harboring PSD95 in copine-6 knockdown neurons (Fig. 3) we found no change in mEPSC amplitude or frequency in copine-6 overexpressing or knockdown neurons, compared with control (Fig. 5C,D) . This suggests that, at least in terms of miniature events, these neurons maintain a normal pool of spontaneously fusing vesicles apposing normal surface levels of AMPA receptors. These observations are consistent with reports that ultra-structurally "normal" synapses form on filopodia (Fiala et al. 1998 ). Interestingly, however, we observed a significant increase in mEPSC rise time (P = 0.035) and decay time (P = 0.043) in copine-6 knockdown neurons compared with control (Fig. 5B,E,F) . This may reflect a change in post-synaptic receptor composition or subunit type in copine-6 knockdown neurons, or represent an "immature" state of synchrony of synaptic vesicle release and post-synaptic receptor composition (Wall et al. 2002) . To test the former possibility, we examined surface expression of GluA1, GluA2, and GluN1 receptor subunits in copine-6 overexpressing or knockdown neurons compared with EGFP controls. Transfected neurons were fixed at DIV12, immunostained with antibodies against extracellular epitopes for GluA1, GluA2 or GluN1 in the absence of permeabilization, and the resulting immunofluorescence signal quantified. We found no significant change in intensity (i.e. amount of receptors on the cell surface) for GluA1 (Fig. 5G,H) , GluA2 (Fig. 5I,J) , or GluN1 (Fig. 5K,L line -for each condition (n = 3, statistical significance determined by two-tailed, type two Student's t-test, P ≤ 0.01 = **, P ≤ 0.001 = ***). (C) Immunostain of DIV14 hippocampal cultures with copine-6, synaptophysin (syp, to mark synapses) and MAP-2 (to mark dendrites) in control conditions and following 100 ng/ml BDNF treatment for 6 h or 48 h. Scale bars = 10 µm in top panels and 5 µm in bottom panels. (D) Quantitation of copine-6 intensity at synapses following BDNF treatment in primary hippocampal neurons (n = 9 images from 3 different cultures, statistical significance determined by two-tailed, type two Student's t-test, P ≤ 0.01 = **, P ≤ 0.001 = ***). (E)
Frequency distribution of copine-6 intensity at synapses (marked with syp) with and without BDNF treatment. (F) Intensity of copine-6 in somas in control conditions and following BDNF treatment. Note that non-saturating images with equal gain settings were used for analysis; the images shown in panel C were adjusted for visibility of dendritic spines and thus show saturated cell bodies (n = 9 images/3 cultures, statistical significance determined by two-tailed, type two Student's t-test, P ≤ 0.01 = **, P ≤ 0.001 = ***). (G) Quantitation of copine-6 intensity at synapses following treatment with 10 µM bicuculline, 50 µM forskolin, or 1 µM TTX for 21 h, compared with control (n = 9 images/3 cultures, statistical significance determined by two-tailed, type two Student's t-test, P ≤ 0.01 = **, P ≤ 0.001 = ***).
knockdown neurons compared with EGFP controls, consistent with unchanged mEPSC amplitude (Fig. 5C) . Interestingly, the surface expression of GluA1 (the receptor subtype that is inserted into the membrane during LTP) was slightly increased in copine-6 overexpressing neurons compared with EGFP transfected controls, but this increase was not significant (Fig. 5H , P = 0.067). to mark dendritic spines, and EGFP or copine-6 knockdown plus shRNA-resistant copine-6, and immunostained with PSD95 to mark post-synaptic sites. Scale bars = 10 µm. (B) Quantitation of number of stubby and mushroom spines, and filopodia in EGFP or copine-6 knockdown plus shRNA-resistant copine-6 transfected neurons compared with copine-6-GFP and copine-6 knockdown transfected neurons (n = 8-10 transfected neurons/4 cultures, statistical significance determined by twotailed, type two Student's t-test, P ≤ 0.05 = *, P ≤ 0.01 = **, P ≤ 0.001 = ***). 
Copine-6 Retrogradely Affects Evoked Presynaptic Strength in Contacting Boutons
To examine synaptic vesicle recycling in apposed presynaptic terminals in more detail we performed synaptotagmin (syt)1 antibody uptake assays in depolarizing conditions. Hippocampal neurons were transfected with copine-6 overexpression or knockdown constructs, or EGFP as a control. Our transfection protocol yielded a low efficiency of expression, in only 2-5% of neurons. Thus the majority of presynaptic terminals contacting the dendrites of transfected neurons were wild-type, while the post-synaptic side had increased (overexpressed) or decreased (knocked down) copine-6. Cultures were depolarized by addition of 45 mM KCl in the presence of an antibody against the lumenal domain of syt1 for 10 min. This antibody is taken up by recycling synaptic vesicles, and anti-syt1 signal then serves as a readout of active synapses under evoked conditions, where presynaptic strength can be assessed by intensity of anti-syt1 signal (Fig. 6A) . To mark the entire synaptic vesicle pool at synapses, cultures were also labeled with anti-synaptophysin antibody (Fig. 6A ).
We found a significant reduction in the total number of presynaptic terminals, identified by synaptophysin, contacting copine-6 knockdown neurons compared with control ( Fig. 6B ; P = 8.6E-3), consistent with the reduction in PSD95-positive postsynaptic sites (Fig. 3) . The intensity of synaptophysin staining was not altered between conditions, suggesting that the total vesicle pool size at existing synapses is unchanged (Fig. 6C) . In addition, the number of synapses with recycling synaptic vesicles, i.e. syt1 uptake, in evoked conditions ( Fig. 6D ; P = 0.044) and the syt1 signal intensity in synaptophysin-positive terminals contacting copine-6 knockdown neurons ( Fig. 6E ; P = 9.1E-3) was reduced in copine-6 knockdown neurons compared with control, indicating a decrease in evoked presynaptic strength at existing terminals. Presynaptic terminals innervating copine-6 knockdown neuron filopodia may adopt an "immature" state characterized by high spontaneous release -resulting in normal mEPSC frequency -but lacking the evoked releasable pool of vesicles characteristic of mature, stabilized synaptic sites (Andreae et al. 2012) . Alternatively, the relatively modest 20% reduction in presynaptic terminal number in copine-6 knockdown neurons might not be detected as a change in mEPSC frequency given the variability in mEPSC frequency known to occur in cultured hippocampal neurons. Together these data show that copine-6 not only affects dendritic spine morphology in post-synaptic neurons, but also retrogradely affects evoked presynaptic strength in terminals apposed to dendritic protrusions.
Post-synaptic Knockdown of Copine-6 Decreases LTP and Increases the Early Phase of LTD
Although we found no significant change in mEPSC amplitude or frequency, changes in spine morphology often affect long-term plasticity. We hypothesized that the decrease in mushroom spines and increase in filopodia caused by copine-6 knockdown may affect LTP or LTD. To test this we first validated copine-6 knockdown-EGFP viral injection in the CA1 region of the hippocampus.
We found an absence of copine-6 antibody signal coinciding with EGFP signal from copine-6 knockdown in the CA1 region of hippocampal sections (Fig. 7A) , verifying successful knockdown. We initially tested input-output relationships of fEPSP magnitude versus stimulation intensity to evaluate post-synaptic responses, and of fEPSP versus fiber volley magnitude to evaluate presynaptic responses (number of axons that give rise to a synaptic response) in EGFP-injected control and copine-6 knockdown injected hippocampal slices. We found no significant change in either parameter (Fig. 7B,C) . Thus despite copine-6 knockdown inducing more filopodia and less mushroom spines, basal synaptic transmission is normal. This is consistent with reports that ultra-structurally "normal" synapses form on filopodia (Fiala et al. 1998) , and with the unchanged mEPSC frequency and amplitude we observed in copine-6 knockdown neurons (Fig. 5C,D) . We also tested pairedpulse facilitation to address potential defects in synaptic vesicle recycling. The paired-pulse ratio was unchanged in copine-6 knockdown injected hippocampal slices compared with EGFP injected controls (Fig. 7D ) -suggesting no change in synaptic vesicle recycling in this paradigm. This result is also in agreement with the unchanged mEPSC frequency we observed in copine-6 knockdown neurons. We then tested LTP and LTD in hippocampal slices in which we knocked down copine-6 post-synaptically by viral injection into the CA1 region, compared with control EGFP virus injected slices. We found that LTP induced by theta burst stimulation was significantly reduced by copine-6 virus injection ( Fig. 7E ; P = 0.026, Mann-Whitney U test). We also found that the initial phase of LTD (up to 25 min after induction) was correspondingly increased in copine-6 knockdown slices compared with control ( Fig. 7F ; P = 0.015; Mann-Whitney U test). These results are consistent with a decrease in "potentiable" mushroom spines and increase in filopodia (lacking PSD-95), in copine-6 knockdown neurons.
Copine-6 is Necessary for BDNF-induced Increases in Mushroom Spine Number
Because copine-6 translocates to spines in response to BDNF treatment, and BDNF increases synaptic strength during longterm potentiation, we reasoned that copine-6 may play a role in and 1 h after induction (dashed line); n = 7 slices/animals each for cpne6 KD and EGFP, P = 0.015; significance determined by Mann-Whitney U test.
BDNF-induced mushroom spine formation. BDNF can promote dendritic spine formation (Ji et al. 2005; Kaneko et al. 2012) , and was recently reported to increase the number and spine head width of dendritic spines (Kellner et al. 2014) ; an effect that may be mediated by copine-6 recruitment to active spines.
To test this we first analyzed dendritic spine morphology following BDNF treatment. We found that 48 h 100 ng/ml BDNF treatment significantly increased the number of mushroom spines compared with control ( Fig. 8A,B ; P = 9.9E-3). BDNF treatment of copine-6 knockdown neurons, on the other hand, did not with LifeAct-RFP to mark dendritic spines, and EGFP, copine-6-GFP, copine-6 knockdown or copine-6 calcium binding mutant (cpne6CaM) constructs with or without 48 h BDNF, k252a, TrkB Fc, or control Fc treatment. Scale bar = 5 µm. (B) Quantitation of number of filopodia, stubby and mushroom spines, and total number of protrusions in each condition (n = 12-14 transfected neurons/3 cultures for each condition, statistical significance determined by two-tailed, type two Student's t-test, P ≤ 0.05 = *, P ≤ 0.01 = **, P ≤ 0.001).
increase mushroom or stubby spine number (P = 2.2E-7 and 9.5E-7, respectively for BDNF-treated EGFP/cpne6 KD), or decrease filopodia number (P = 8.1E-7 for BDNF-treated EGFP/ cpne6 KD). BDNF treated knockdown neurons maintained their characteristically high numbers of filopodia, similar to untreated copine-6 knockdown neurons (P = 0.47). There was also no significant difference in mushroom spine number in copine-6 knockdown neurons (Fig. 3 ) compared with BDNF treated copine-6-knockdown neurons ( Fig. 8 ; P = 0.51), indicating that BDNF and copine-6 are in the same pathway and not in parallel pathways that might each promote mushroom spine formation independently. Copine-6 binds membranes in a calcium-dependent manner (Perestenko et al. 2010) . To test if copine-6 membrane binding is necessary for the BDNF-induced increase in mushroom spines, we transfected neurons with a copine-6 mutant (cpne6CaM), which cannot bind membranes in a calcium-dependent manner (Perestenko et al. 2015) . cpne6CaM-expressing neurons treated with BDNF did not show increased mushroom spines (Fig. 8 , P = 0.908, P = 4.7E-4 for BDNF-treated EGFP/cpne6CaM) and were identical to copine-6 knockdown neurons in terms of number of mushroom and stubby spines, filopodia, and total number of protrusions ( Fig. 8 , P = 0.708). Thus calcium-dependent membrane binding of copine-6 is necessary for BDNF-induced increases in mushroom spines.
We further tested the effect of blockade of BDNF signaling on spine morphology by using K252a, a potent inhibitor TrkB receptor tyrosine protein kinase activity (Tapley et al. 1992) . Blockade of BDNF signaling significantly reduced the number of mushroom spines and increased the number of filopodia in dendrites ( Fig. 8 ; P = 1.0E-4). Overexpression of copine-6 rescued the number of spines and filopodia in K252a treated neurons to control levels (P = 0.254 and 0.801, respectively, P = 9.6E-4 for K252a treated EGFP/cpne6), indicating that copine-6 acts downstream of BDNF to affect spine morphology.
Because K252a can act as a general kinase inhibitor, we also tested the effect of addition of TrkB Fc, a specific scavenger of BDNF containing the BDNF binding site of the TrkB receptor (Fig. 8) . TrkB Fc significantly reduced mushroom (P = 0.019) and stubby (P = 1.1E-5) spine number compared with control Fc treated cultures. Copine-6 overexpressed cells treated with control Fc had significantly more mushroom spines than EGFP controls treated with Fc (P = 1.7E-4), and addition of TrkB Fc reduced mushroom spine number in copine-6 overexpressing neurons (P = 6.4E-7), to levels similar to EGFP controls treated with TrkB Fc (P = 0.356). This further confirms that copine-6 affects spine morphology downstream of BDNF ( Fig. 8 ; for total spines P = 0.021 for EGFP/EGFP + BDNF, P = 6.6E-3 for EGFP/EGFP + K252a, P = 4.4E-3 for EGFP + ctrl Fc/EGFP + TrkB Fc, and P = 2.4E-7 for cpne6 + ctrl Fc/cpne6 + TrkB Fc).
Copine-6 Interacts with TrkB and Facilitates its Recycling to the Cell Surface
Because copine-6 is recruited to plasma membranes and necessary for BDNF-dependent changes in spine morphology, we tested if copine-6 might interact with the TrkB receptor. We co-expressed HA-TrkB and copine-6-GFP in HEK cells, and performed co-immunoprecipitation using an HA antibody conjugated to beads. We found that copine-6 and TrkB did indeed interact in this assay. HA antibody conjugated beads pulled down HA-TrkB from HEK cell lysates (Fig. 9A) and also pulled down copine-6-GFP (Fig. 9B) .
We next tested if copine-6 levels might affect the surface expression or recycling of TrkB. We co-expressed copine-6, copine-6 knockdown or EGFP with HA-TrkB in hippocampal neurons by transfection on DIV10, where the extracellular HA epitope enabled us (on DIV13) to label both surface HA-TrkB (in non-permeabilizing conditions) and total internal HA-TrkB following permeabilization. We then quantified the relative surface to internal HA-TrkB signal in each condition. EGFP and copine-6 knockdown neurons showed similar levels of surface HA-TrkB in control conditions, and similarly significant internalization of HA-TrkB following 15 min of 100 ng/ml BDNF treatment ( Fig. 9C-E ; P = 1.5E-3 for EGFP control compared with BDNF-treated, P = 0.027 for copine-6 KD control compared with BDNF-treated). However, overexpression of copine-6 increased surface expression of HA-TrkB in control conditions ( Fig. 9C,F ; P = 0.031), and surface expression remained significantly higher in copine-6 overexpressing neurons compared with EGFP expressing controls, even following BDNF treatment ( Fig. 9D,E ; P = 6.0E-4). This could result from a decrease in BDNF-dependent TrkB endocytosis, or an increase in the recycling of TrkB back to the surface in copine-6 overexpressing neurons following BDNF treatment. To distinguish between these 2 possibilities, we performed an additional assay in which DIV13 neurons co-expressing HA-TrkB and EGFP, copine-6 or copine-6 knockdown were labeled live with HA antibody. Cells were then treated with BDNF for 30 min (during which activated TrkB receptors are expected to be internalized). The remaining surface HA antibody was then stripped by treatment with 0.04% EDTA, and cells were allowed to recover for 40 min, during which some proportion of internalized TrkB is recycled back to the surface (Huang et al. 2013) . Cells were then stained with a secondary antibody against HA to mark HA-TrkB that was recycled back to the surface following internalization. We quantified recovery of surface HA-TrkB by normalizing HA-TrkB recycled back to the surface to control surface levels without BDNF stimulation for each condition (EGFP, copine-6 overexpressing, or copine-6 knockdown). This revealed that EGFP control neurons recovered approximately 19% of HA-TrkB surface fluorescence in the 40 min following BDNF treatment. Copine-6 overexpressing neurons recovered 32% -significantly more than control (P = 0.040). And copine-6 knockdown neurons recovered 10% -only half as much as control (P = 0.007) ( Fig. 9F,G ; P = 5.0E-4 for copine-6 overexpressed compared with copine-6 knockdown). These data indicate that copine-6 promotes surface expression of TrkB receptors.
We hypothesized that alterations in surface expression of TrkB would subsequently affect downstream BDNF-TrkB signaling. To test this, we examined the levels of phospho-ERK, which signals downstream of BDNF-TrkB and and is necessary for BDNF-TrkB-dependent increases in mushroom spines (Alonso et al. 2004 ). Phospho-ERK would be expected to increase following more activation of TrkB, and decrease following less activation of TrkB. We found that overexpression of copine-6 indeed increased p-ERK levels ( Fig. 9H,I ; P = 0.0286), consistent with an increase in BDNF-TrkB signaling induced by copine-6. Conversely, knockdown of copine-6 decreased p-ERK levels compared with control neurons (Fig. 9H,I ; P = 0.0132). These results are consistent with copine-6 promoting increased surface expression of TrkB and subsequent downstream signaling to affect spine morphology. Quantitation of P-ERK antibody fluorescence intensity in copine-6 overexpressing and copine-6 knockdown neurons, normalized to control untransfected cells.
Discussion
In summary we identified a novel function of copine-6, in regulating dendritic spine morphology. Copine-6 knockdown reduces the number of mushroom spines and dramatically increases the number of filopodia, which lack PSD95; Copine-6 overexpression increases the number of mushroom spines. In addition, presynaptic strength in terminals contacting copine-6 knockdown neurons is decreased. Knockdown of copine-6 post-synaptically in the CA1 region of the hippocampus decreased Schaffer collateral LTP and increased the initial phase of LTD. Mechanistically, we found that copine-6 binds TrkB, and promotes its surface expression and recycling back to the plasma membrane following activation, thus promoting BDNF-TrkB signaling and increasing the number of mushroom spines in hippocampal dendrites. We found that copine-6 protein expression begins postnatally, and increases with activity, consistent with earlier reports (Nakayama et al. 1998 ). Copine-6 may therefore act during synaptic plasticity to strengthen and stabilize potentiated synapses -a feature that is necessary for adjustments in synapse strength based on experience, most notably during learning and memory. BDNF is widely regarded as playing a key role in this process (Bramham and Messaoudi 2005) . Indeed, we found that BDNF increases mushroom spine number, and this effect depends on copine-6.
Copine-6 can sense calcium via its C2-domains and translocate to cell membranes in a calcium-dependent manner (Creutz et al. 1998; Damer et al. 2005; Perestenko et al. 2010) . The compartmentalization of calcium in dendritic spines (Muller and Connor 1991) would potentially allow tight control of dendritic spine morphology at individual synaptic sites by copine-6. Highly active synapses with greater calcium influx might recruit copine-6 (and therefore more plasma membrane-localized TrkB) and become stabilized, while inactive synapses might have less calcium influx, less copine-6 and surface expression of TrkB, become destabilized and revert to a filopodial state and perhaps eventually be eliminated. Upregulation of copine-6 by neuronal activity would increase the levels of copine-6 in active neurons, while changes in calcium in individual spines would concomitantly increase the proportion of membrane-bound copine-6 to alter the morphology of individual spines. The calcium-dependent translocation of cytosolic copine-6 to membranes might act to initiate BDNF-TrkB signaling to translate changes in neuronal activity into morphological changes in dendritic spine membranes.
Copine-6 is similar in many respects to calcium/calmodulindependent protein kinase II (CaMKII). CaMKII is recruited specifically into active spines (Shen and Meyer 1999) , and requires activation by calcium influx via the NMDA receptor (Lee et al. 2009 ). CaMKII is important for long-term potentiation of synaptic strength and stabilizes synapses via interaction with several other proteins (Hell 2014) . Although copines do not harbor any signaling domains themselves, we found that copine-6 binds the TrkB receptor and promotes its delivery to the cell surface, thus enhancing BDNF-TrkB signaling cascades (including activation of ERK). Copines interact with a number of other proteins involved in intracellular signaling pathways, including MEK1, protein phosphatase 5, and Cdc42-regulated kinase (Tomsig et al. 2003 ). Copine-6 may, like CamKII, be integral to initiation of signaling cascades important for dendritic spine morphology and synaptic function.
A recent study also reported copine-6 involvement in dendritic spine remodeling (Reinhard et al. 2016 ). We observed recruitment of endogenous copine-6 to spines by BDNF using our antibody, in agreement with translocation of overexpressed copine-6-GFP to the plasma membrane by NMDA receptor activation observed by Reinhard et al. However, we detected copine-6 expression in brain by E18, while Reinhard et al. reported later onset at P7. In addition, we found that copine-6 knockdown and expression of a copine-6 calcium mutant both dramatically increased filopodia and decreased mushroom spines, and copine-6 overexpression did the opposite. But Reinhard et al. found that neither copine-6 knockout, expression of a copine-6 calcium binding mutant, nor copine-6 overexpression altered spine density or morphology. Rather, knockout of copine-6 prevented a chemical-LTP induced increase in spine head width (Reinhard et al. 2016) . Consistent with the dramatic decrease in mushroom spines we observed in copine-6 knockdown neurons, we found a decrease in LTP and increase in early phase LTD in hippocampal slices in which copine-6 was knocked down postsynaptically. Reinhard et al., on the other hand, found normal induction of LTP in copine-6 constitutive knockouts, but a faster decay (reduced maintenance) of LTP, and no change in LTD. These differences in findings could be due to compensation for lack of copine-6 in the knockout mice used in Reinhard et al., while the copine-6 knockdown approach we employed is more acute and might not allow for a compensatory mechanism.
Mechanistically, Reinhard et al. propose that copine-6 acts in the Rac1-PAK-LIMK1-Cofilin pathway to regulate structural plasticity of dendritic spines, based on observations that there is less GFP-Rac1 in spines of neurons cotransfected with calcium mutant copine-6 and that copine-6 and Rac1 co-IP from transfected cells (Reinhard et al. 2016) . We propose that copine-6 regulates BDNF-TrkB signaling, based on our finding that copine-6 promotes recycling of activated TrkB to the plasma membrane, and increases BDNF-TrkB signaling to affect spine morphology, and that copine-6 and TrkB co-IP. Nonetheless, there is agreement that copine-6 is important for aspects of dendritic spine morphology and plasticity.
Alterations in spine stability and morphology occur not only during development and adult plasticity in the normal brain, but also in neurodegenerative and neurodevelopmental diseases, including autism and Fragile X syndrome (van Spronsen and Hoogenraad 2010). The increase in filopodia and loss of mushroom spines in copine-6 knockdown neurons is reminiscent of Fragile X syndrome, in which filopodia and overall spine numbers are increased and synaptic contact area on spines is reduced (Irwin et al. 2000) . Our study opens an avenue into investigation of these aspects of copine-6 function and its regulation of BDNF-TrkB signaling in plasticity as well as brain disorders such as autism and Fragile X syndrome.
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